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Abstract—This paper presents a simulation on a way to
improve the ability of an offshore wind system to recover
from a fault in the rectifier converter. The system comprises
a semi-submersible platform, a variable speed wind turbine, a
synchronous generator with permanent magnets (PMSG), and a
five-level multiple point diode clamped converter. The recovery
is improved by shielding the DC link of the converter during the
fault using as further equipment a redox vanadium flow battery.
A fractional PI controller is used for the PMSG and the converter.
I. INTRODUCTION
Wind systems must cope with strict behaviour requirements
regulated in grid codes, and in particular it is of great im-
portance the recovery of normal operation in due time after
a fault, avoiding eventual coming off from the electric grid.
Furthermore, abnormal behaviour in the operation which is not
avoided in due time can lead to a fault going into a failure,
needing human intervention on the wind system, which in
the case of offshore platforms is difficult and expansive. In
this paper a fractional PI controller controls in simulation an
offshore wind system where a vanadium redox flow battery
(VRFB) [2] is used to store energy, and to replace during
a short time span the delivery of energy coming from the
generator interrupted by a fault in the rectifier converter [1],
preserving the connection to the electric grid until the recovery
of the full operation, and thus avoiding a failure implying the
disconnection of the wind system [10]. The novelty herein
presented is the usefulness of the VRFB.
II. MODEL
The wind system comprises a the semi-submersible plat-
form anchored to the seabed by suspended cables, a platform
with a variable speed wind turbine (with power control by
blade pitch angle), a synchronous generator with permanent
magnets (PMSG), an MPC 5LC converter, and a VRFB. See
Figure 1. Figure 2 shows the wind speed u(t) and wave
elevation (t) impacting the system. For model details see [10]
and the references therein. Parameters are given in Table I.
TABLE I. WIND SYSTEM PARAMETERS.
Turbine moment of inertia 5:5 106 kgm2
Turbine rotor diameter 90 m
Hub height 45 m
Tip speed [17:64; 81:04] m/s
Rotor angular velocity [6:9; 31:6] rpm
PMSG rated power 2000 kW
PMSG inertia moment 400 103 kgm2
A. Wind turbine
The turbine mechanical power Pt is given by [9]
Pt = Ptt
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where Ptt is given below in (25), hn is a modulation, the
coefficients of the dynamics of the asymmetry of the turbine
are
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the coefficients of the dynamics of the vortex tower interaction
are
A2 = 0:08 (9)
a21 =
1
2
(10)
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the coefficients of the dynamics of the eigenswings in the
blades are
A3 = 0:15 (15)
a31 = 1 (16)
!3(t) =
1
2
(g11(t) + g21(t)) (17)
'31 = 0; (18)
where !t(t) is the angular speed of the rotor.
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Fig. 1. Offshore wind system.
Fig. 2. Wind speed and wave elevation.
B. Drivetrain
Figure 3 shows the drivetrain model and the correspond-
ing inertias, torques, springs and rotations; the three masses
account for 1) the flexible part of the blade, 2) the rigid part
of the blade part, hub, tower and floating platform, and 3) the
PMSG. The equations are
d!t
dt
=
1
Jb
(Tt + Tmsb   Tdb   Tbs) (19)
d!h
dt
=
1
Jh
(Tth + Tbs + Tmsh   Tdh   Ths) (20)
d!g
dt
=
1
Jg
(Ths + Tmsg   Tdg   Tg) (21)
Tmsb = kmsb!w (22)
Tmsh = kmsh!w (23)
Tmsg = kmsg!w (24)
The wind turbine mechanical power Ptt has two components
corresponding to the flexible and rigid segments of the blades
in the drive train:
Ptt = Pfb + Prb (25)
Pfb =
1
2
(R2   r2)u3cp (26)
Prb =
1
2
r2u3cp (27)
where  is air density, R is the radius of the area covered by
the blades, r is the radius of the area covered by the rigid
part of the blades, and cp is a numerically calculated power
coefficient [10].
C. Generator and VRFB
The generator is a PMSG modelled by standard equations
found in the literature [3], [13]. To avoid demagnetisation of
permanent magnet, a null reference stator direct component
current is imposed [11]. The VRFB is a DC source with a
value of 7.14 kV, 2% plus of the DC link voltage. This type
of source has significant discharge times [2].
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Fig. 3. Drivetrain and the variables of its model.
D. Power converter
Figure 4 shows the multiple point clamped five-level power
converter (MPC 5LC) rectifier, that has 24 unidirectional com-
manded insulated gate bipolar transistors (IGBTs), considered
ideal. An identical set of IGBTs is used for the inverter of the
converter. Eight IGBTs connected on the same phase is branch
k of the converter. IGBTs are identified as Sik (k = 1; 2; 3
for the rectifier; k = 4; 5; 6 for the inverter). The MPC 5LC
equipped with the VRFB is shown in Fig. 4. The voltage level
at each switching branch is
nk =
8>>><>>>:
4; (S5k; S6k; S7k; S8k) = 1; (S1k; S2k; S3k; S4k) = 0
3; (S4k; S5k; S6k; S7k) = 1; (S1k; S2k; S3k; S8k) = 0
2; (S3k; S4k; S5k; S6k) = 1; (S1k; S2k; S7k; S8k) = 0
1; (S2k; S3k; S4k; S5k) = 1; (S1k; S6k; S7k; S8k) = 0
0; (S1k; S2k; S3k; S4k) = 1; (S5k; S6k; S7k; S8k) = 0
k = 1; 2 : : : 6 (28)
The combinations of the switching states which recognise the
IGBTs state of blockage/conduction is established by the level
variable jnk , related to the charging state of each capacitor
bank and given by
jnk =

0; j > nk
1; j  nk

; k = 1; 2 : : : 6 (29)
The rectifier input voltage usk; k = 1; 2; 3 and the inverter
output voltage usk; k = 4; 5; 6 are given by
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1
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The current icj on each capacitor bank Cj is given by
icj =
3X
k=1
nk ik  
6X
k=4
nk ik (31)
The bar voltage Udc is given by
dUdc
dt
=
p 1X
j=1
icj
Cj
(32)
Fig. 4. MPC 5LC rectifier.
E. Grid
The current injected into the electric grid, which has 6 kV
at 50 Hz, is given by
difk
dt
=
1
Ln
(ufk  Rnifk   uk); k = 4; 5; 6 (33)
III. SIMULATIONS
A. Controller
Fractional PID controllers were introduced by [7] and
several tuning methods have been proposed, including tuning
rules such as in [12] or numerical methods such as in [6]. A
fractional PD controller given by
C(s) = 2:6 + 0:6
1
s0:5
(34)
was developed according to the method of [4]. The dif-
ference between the voltage Udc and the reference voltage
Udc is numerically processed by the controller to determine
a reference for the stator currents [8], [10] (see Figure 5;
the Crone approximation was followed for implementation).
The difference between the stator current and the reference
stator current is corrected using sliding mode control; the final
control action consists in pulse-width modulation by space
vector modulation, since the IGBTs have on/off switching
states. The required selection for the output voltage vector in
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the (; ) space uses the discrepancy between the current of
the stator and the reference current. This sliding mode control
uses sliding surface S(e ; t), verifies stability conditions
S(e ; t)
dS(e ; t)
dt
< 0 (35)
and leads to the output voltage vectors in the (; ) space
shown in Figure 6 (see sliding mode control details in [5]).
Fig. 6. Output voltage vectors for the 5LC.
B. No fault
Figure 7 shows the voltages and currents in the capacitors
bank. The total harmonic distortion (THD) is 0.51.
C. Failure
Suppose there is a fault in the rectifier, so that from 1.15 s
to 1.65 s the capacitors are not charged. Figure 8 shows the
voltages and currents in the capacitors bank. Voltages drop
and currents have peaks: this unacceptable behaviour is a
failure. Furthermore, the input voltages in the rectifier shown
in Figure 9 do not recover even after 1.65 s, because electric
charges are not enough to sustain the drop on the voltages.
Hence, the system is unable to maintain the interconnection
with the electric grid, which is unacceptable.
D. Ride through fault
When the battery management system (BMS) is able to
resort to the VRFB during the fault, the configuration of the
system until it recovers is the one shown in Figure 10. The
VRFB charges the capacitors, which are now able to sustain
the drop on voltages, and thus normal operation is recovered
after fault clearing. Figure 11 shows voltages and currents in
the capacitors bank, which do not reach unacceptable values;
Figure 12 shows input voltages and currents in the rectifier,
proving that recovery is possible. The THD is now 0.54, not
significantly higher than the 0.51 value for the no fault case.
Fig. 9. Input voltages in the rectifier, when there is a fault.
Fig. 10. Configuration of the wind system during the transient, resorting to
the VRFB.
IV. CONCLUSION
Simulations show that a fractional controller and a VRFB
allow an offshore wind system to recover from a failure in the
rectifier. Future work includes checking better fractional con-
troller design methods for comparison (e.g. second generation
Crone control) and testing these results experimentally.
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Fig. 5. Control scheme [8].
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